We report here the reconstitution of a pathway that leads to the apoptotic changes in nuclei by using recombinant DNA fragmentation factor (DFF), a heterodimeric protein of 40 and 45 kDa. Coexpression of DFF40 and DFF45 is required to generate recombinant DFF, which becomes activated when DFF45 is cleaved by caspase-3. The cleaved fragments of DFF45 dissociate from the DFF40, the active component of DFF. Purified DFF40 exhibited an intrinsic DNase activity that was markedly stimulated by chromatin-associated proteins histone H1 and high mobility group proteins. DFF40 also triggered chromatin condensation when incubated with nuclei. These data suggest that DFF40 is sufficient to trigger both DNA fragmentation and chromatin condensation during apoptosis.
Cells undergoing apoptosis undergo distinct morphologic changes (1) . Among these changes, chromatin condensation and DNA fragmentation within the nuclei of dying cells are the most recognized markers of apoptosis (2) (3) (4) . These changes in chromatin DNA are incompatible with cell survival and may mark the point of no return for execution of the cellular apoptotic pathway.
Studies in both Caenorhabditis elegans and mammalian cells have begun to reveal a conserved biochemical pathway that provides the molecular bases for the characteristic changes in cells undergoing apoptosis (5) . Initiation of this apoptotic pathway leads to the activation of a group of cysteine proteases, called caspases, that cleave proteins after aspartic acid residues (6) (7) (8) (9) . Caspases usually exist in all living cells as inactive precursors that become activated when cells receive a signal to undergo apoptosis (10) (11) (12) (13) . Activated caspases cleave and disable many important cellular proteins (14) . They also cleave and activate a heterodimeric protein composed of 40-and 45-kDa subunits and designated DNA fragmentation factor (DFF), which mediates the genomic DNA degradation into nucleosomal fragments (15) . Both DFF40 and DFF45 are encoded by previously uncharacterized genes whose gene products do not share significant homology with other proteins of known function (15, 16) .
Recently, Enari and co-workers (17, 18) showed that a mouse protein of 40 kDa, termed CAD (caspase-activated DNase), together with the mouse homologue of human DFF45, termed ICAD (inhibitor of CAD), was capable of generating a caspase-3-activated DNase activity that cleaves DNA. Mouse CAD͞ICAD and human DFF40͞45 therefore represent a direct link between caspase activation and DNA fragmentation.
Caspase-3 cleaves DFF45 and ICAD at two conserved cleavage sites, an event that activates DFF and CAD, respectively (15, 17) . The purified DFF from HeLa cell extracts showed little DNase activity when incubated with naked DNA and caspase-3 even though the same reaction mixture induced DNA fragmentation when incubated with isolated nuclei (15) . Moreover, Enari et al. (17) did detect CAD-dependent (DFF40) DNase activity when assayed in a relatively crude system. It therefore seemed likely that additional protein(s) in nuclei were required to generate a nuclease activity that cleaved chromatin DNA at the internucleosomal linker regions during apoptosis.
We report here the molecular cloning of the cDNA that encodes human DFF40 and the reconstitution of the DFF activation pathway by using purified recombinant DFF. Both DFF40 and DFF45 are required to generate active DFF. The active form of DFF, however, consists of only DFF40, with fragments of DFF45 dissociating from DFF40 after caspase-3 cleavage. The activated pure DFF exhibits a low intrinsic DNase activity when directly incubated with plasmid DNA. Such an activity was markedly stimulated when chromatinassociated proteins, such as histone H1 and high mobility group (HMG) proteins, were included in the reaction mixture. Surprisingly, activated DFF40 by itself also induces chromatin condensation when incubated with nuclei, indicating that DFF40 is the protein that triggers both DNA fragmentation and chromatin condensation during apoptosis. Activation of DFF is thus sufficient to cause the genetic death of cells undergoing apoptosis.
MATERIALS AND METHODS
Assay for DFF Activity. Caspase-3 was expressed and purified through a nickel affinity column as described in ref. 19 . DFF activity was assayed as described in ref. 15 . In brief, the activity of DFF was assayed by incubating an aliquot (7 l) of hamster nuclei (8.5 ϫ 10 7 nuclei per ml) with the indicated enzyme fractions at 37°C for 2 hr in a final volume of 60 l adjusted with buffer A (20 mM Hepes-KOH, pH 7.5͞10 mM KCl͞1.5 mM MgCl 2 ͞1 mM sodium EDTA͞1 mM sodium EGTA͞1 mM DTT͞0.1 mM phenylmethylsulfonyl fluoride).
Production of DFF40 Fusion Protein. cDNA cloning of DFF40 and production of DFF40 fusion protein were reported previously (16) . In brief, degenerate oligonucleotides were designed according to the peptide sequences obtained from Edman degradation of DFF40 and used in a polymerase chain reaction (PCR) to amplify a cDNA library prepared from HeLa cells. A 250-bp PCR product was obtained and used to screen the HeLa Exlox cDNA library (Novagen). The longest clone (2.8 kb) that contained the entire ORF was sequenced in both strands. A 1.0-kb fragment containing the entire coding region of DFF40 cDNA was subcloned in-frame into the NdeI͞XhoI sites of the bacterial expression vector pET-15b (Novagen). The expression plasmid was transformed into Escherichia coli strain BL21(DE3), and DFF40 was expressed and purified as described in ref. 16 .
Western Blot Analysis. A monoclonal antibody against FLAG tag was from Kodak Scientific Imaging System. Anti-DFF40 antiserum was generated by immunizing rabbits with a recombinant DFF40 fusion protein generated as described above. Immunoblot analysis was performed with the horseradish peroxidase-conjugated goat anti-mouse (FLAG tag) or goat anti-rabbit (DFF45) IgG by using enhanced chemiluminescence (ECL) Western blotting detection reagents (Amersham).
Expression and Purification of Recombinant DFF. Expression of DFF45 and DFF40 in one plasmid was done in principle as described by Khokhlatchev et al. (20) . Two primers were used to PCR amplify the coding region of DFF40 cDNA. The resulting 1-kb DNA fragment was subcloned into the XbaI and XhoI sites of the bacterial expression vector pET-15b (Novagen), and the resulting plasmid was designated pET-15b-DFF40His. Two primers were then used to PCR-amplify the coding region of DFF45, and the resulting DNA fragment was digested with XhoI and ligated into pET-15b-DFF40His digested with XhoI. The expression plasmid containing both DFF45 and DFF40 was used to transform E. coli BL21(pLys) (Novagen). The expression of DFF was induced by isopropyl ␤-D-thiogalactoside (IPTG), and the recombinant DFF was purified through a nickel affinity column followed by a Mono S 5͞5 column (Pharmacia). About 0.2 mg of DFF was purified from a 500-ml culture.
Expression of DFF in 293 Cells. A FLAG tag was engineered at the carboxyl terminus of DFF40 by PCR amplifying the 2.8-kb cDNA containing the entire coding region of DFF40. The PCR fragment was subcloned into the EcoRV and XhoI sites of a pcDNA3 vector (Invitrogen) digested with the same restriction enzymes. The resulting plasmid was designated pDFF40-flag. The 1.5-kb cDNA encoding the entire coding region of DFF45 was subcloned into the EcoRI sites of a pcDNA3 vector (Invitrogen), and the resulting plasmid was designated pDFF45. Human embryonic kidney 293 cells were set up and transfected with 20 g of vector alone, 10 g of pDFF40-flag plus 10 g of vector, 10 g of pDFF45 plus 10 g of vector, or 10 g of pDFF40-flag plus 10 g of pDFF45 by using an MBS transfection kit (Stratagene) as described (21) . After 24 hr, the cells were harvested and the S-100 fractions were prepared as described in ref. 19 . The assay for DFF was performed as described in ref. 15 .
Immunostaining. Simian CV-1 cells were transfected with 10 g of pDFF45 plus 10 g of pcDNA3 vector, pDFF40-flag plus 10 g of pcDNA3 vector, or 10 g of pDFF45 plus 10 g of DFF40-flag by the calcium phosphate precipitation method. Twenty-four hours after transfection, CV-1 cells were immunostained with anti-FLAG antibody or anti-DFF45 antibody as described in ref. 22 . The antigen-antibody complexes were probed with fluorescein 5-isothiocyanate (FITC)-conjugated goat anti-rabbit (for DFF45) IgG (1:1000) or goat anti-mouse (for DFF40) IgG (1:1000). The cells were washed three times with PBS before being examined under a fluorescence microscope.
RESULTS
Expression of Recombinant DFF Activity and Immunolocalization of DFF45 and DFF40. In previous studies we purified DFF from HeLa cell extracts as a heterodimer of 40-and 45-kDa subunits. We cloned and completely sequenced the 45-kDa subunit (15) . Four peptides from the 40-kDa subunit were also sequenced, including the amino terminus of the protein (Fig. 1A) . On the basis of the sequences of these peptides, we obtained a cDNA clone encoding the entire DFF40 protein by screening a cDNA library (16) . Fig. 1 A shows the sequence of human DFF40 protein in comparison with that of mouse CAD. The two proteins are about 71% identical throughout the entire sequence, with a noticeable exception of the region between amino acids 41 and 79, which differs completely between the two proteins. This difference is the result of a change in the reading frame, which could be because of a sequencing error in the reported CAD cDNA (17) . The putative nuclear localization signal previously noticed in the carboxyl terminus of CAD is conserved in DFF40 (17) . To test the ability of recombinant DFF to induce DNA fragmentation, we expressed the cDNAs encoding DFF45 and DFF40 either individually or together by transfection into human embryonic kidney 293 cells. Extracts from the transfected cells were incubated with hamster liver nuclei in the presence of active caspase-3. Neither DFF40 nor DFF45 expressed alone exhibited a significant increase in DNA fragmentation activity when incubated with nuclei compared with a vector control (Fig. 1B, lanes 1-3) , even though both proteins were expressed as measured by Western blot analysis (Fig. 1B) . The antibody against DFF45 also recognized the endogenous protein. However, when the two proteins were coexpressed, a dramatic increase in DFF activity was observed (Fig. 1B, lane  4) . The activity of recombinant DFF was dependent on caspase-3, because no activity was observed when caspase-3 was omitted from the reaction (data not shown).
DFF activity was previously detected and purified in the 100,000 ϫ g supernatant (S-100), which suggested that latent DFF might be sequestered in the cytosol (15) . On the basis of similar observations, Enari et al. (17) proposed that the activation of DNA fragmentation is a result of releasing the cytosolic retention of CAD (DFF40) by ICAD (DFF45) similar to the activation of NF-B. Unexpectedly, as shown in Fig. 1C , when measured by immunofluorescence staining, the majority of the staining for both DFF40 and DFF45 was observed in nuclei when expressed by transient transfection either alone or together in CV-1 cells. Such nuclear localization of DFF has been confirmed in several other cell lines, including HeLa cells, simian virus 40-transformed human fibroblast cells, and human embryonic kidney 293 cells (data not shown).
Delineation of the DFF Activation Pathway. Latent DFF containing both 40-and 45-kDa subunits becomes activated when DFF45 is cleaved by caspase-3 (15) . Because coexpression of DFF40 and DFF45 is required to generate functional recombinant DFF (Fig. 1B) , we engineered an E. coli expression plasmid that contains both DFF40 and DFF45 cDNAs with DFF40 tagged with six histidine residues at its carboxyl terminus. This double-expression system generated functional DFF, which could be purified through a nickel affinity column. As shown in Fig. 2A , we were able to generate recombinant DFF by using this expression system, and we purified the recombinant DFF to homogeneity (Fig. 2C, lane 1) . Recombinant DFF induced DNA fragmentation when incubated with nuclei in the presence of caspase-3, and an inhibitor of caspase-3 blocked this activity (Fig. 2 A) .
To identify the active component of DFF, we reproduced the DFF activation process in vitro by incubating the pure recombinant DFF with caspase-3 and purified the active component of DFF by subjecting the reaction mixture to Mono Q column chromatography followed by Mono S column chromatography. The fractions eluted from these two columns were assayed for DFF activity by incubating them with hamster liver nuclei without further addition of caspase-3. As shown in Fig. 2 B and C, the fractions that exhibited constitutive DFF activity consisted of only the 40-kDa subunit, indicating that DFF40 is the active form of DFF. The identity of the active DFF as DFF40 was confirmed by Western blot analysis using an antibody generated against DFF40 recombinant protein (Fig. 2D) . The fragments of DFF45 generated by caspase-3 cleavage were observed in the column fractions that did not associate with DFF activity (data not shown). Active DFF purified through the Mono S column induced DNA fragmentation in coincubated nuclei without a further requirement for caspase-3 (Fig. 2 E) . The activity was insensitive to the caspase-3 inhibitor (Fig. 2E) . Hereafter, we designate the activated pure DFF40 as A-DFF40. (16, 17) are aligned by the Lipman-Pearson method of the DNASTAR program. The proteolytic peptide sequences from purified DFF40 are underlined. A putative nuclear localization signal at the carboxyl terminus of DFF40 is boxed. The amino acid residues are numbered on the left and right. (B) Human embryonic kidney 293 cells were grown and transfected as described in ref. 21 . The 293 cells were transfected with the vector alone (lanes 1), pDFF40-flag alone (lanes 2), pDFF45 alone (lanes 3), or pDFF40-flag plus pDFF45 (lanes 4). The cells were harvested 36 hr after transfection and the S-100 fraction was prepared as described in ref. 19 . Aliquots (80 g) of cytosolic proteins were incubated in the presence of caspase-3 with aliquots (7 l) of hamster liver nuclei for 2 hr at 37°C in 60 l of buffer A. Genomic DNA was isolated and analyzed as described in ref. 15 . Aliquots (80 g) of S-100 prepared as described above were also subjected to SDS͞10% PAGE and transferred to nitrocellulose filters. The filters were probed either with a rabbit anti-DFF45 antiserum (15) protein(s) were required to generate a nuclease activity that cleaved chromatin DNA at the internucleosomal linker regions during apoptosis. We therefore set up an assay to search for additional protein factors from HeLa cell high-salt nuclear extracts that may work together with activated DFF to generate high DNase activity. We identified and purified such a protein from HeLa cell nuclear extracts, and protein sequencing analysis revealed that it was HMG protein 2 (P.L. and X.W., unpublished data). That prompted us to test other chromatin-associated proteins, such as core histones, histone H1, and other HMG proteins for stimulation of DFFdependent DNase activity. As shown in Fig. 3A , histone H1 and HMG-1 stimulated the DNase activity of DFF40 when incubated with plasmid DNA, whereas the core histones and bovine serum albumin (BSA) showed little effect. To demonstrate further the stimulatory effects of chromatin-associated proteins, we assayed the DNase activity of DFF40 with increasing concentrations of A-DFF40 in the presence and absence of histone H1. As shown in Fig. 3B , A-DFF40 manifested its intrinsic DNase activity only when high concentrations of it were used (Fig. 3B, lane 5) . Little DNase activity was detected at lower concentrations unless histone H1 was present 3) at 37°C for 5 min followed by the addition of 500 ng of DFF and 7 l of nuclei and incubation for 2 hr at 37°C in 60 l of buffer A. The genomic DNAs were isolated and analyzed as described in ref. 15 . (B) Recombinant DFF was generated and purified as described. An aliquot of 1 mg was incubated with 100 g of caspase-3 at 30°C for 1 hr. The sample was then purified through a Mono Q 5͞5 column (Pharmacia) followed by a Mono S 5͞5 column (Pharmacia). The column was eluted with a 30 ml 0.3-0.5 M linear NaCl gradient. Fractions of 1 ml were collected. An aliquot (20 l) of each fraction was incubated with an aliquot of 7 l of hamster liver nuclei at 37°C for 2 hr in 60 l of buffer A. The genomic DNA was isolated, analyzed, and visualized as described in ref. . The reactions were stopped by adding 5 mM EDTA and the products were directly loading onto a 1.2% agarose gel containing 5 g͞ml ethidium bromide. An aliquot (5 g) of bovine HMG-1 or histone H1 was also directly subjected to SDS͞PAGE followed by Coomassie brilliant blue staining (the right two lanes with molecular mass markers). (B) An aliquot (2 g) of plasmid DNA was incubated with the indicated amount of A-DFF40 purified through the Mono S column as described in the legend Fig. 2 in the absence (lanes 2-5) , or presence (lanes 6-10) of 0.5 g of histone H1 in a final volume of 30 l of buffer A at 37°C for 2 hr. The reactions were stopped by adding 5 mM EDTA and the products were directly loaded onto a 1.2% agarose gel containing 5 g͞ml ethidium bromide. (Fig. 3B, lanes 2-4 and 7-10) . The stimulatory effect of histone H1 was more than 10-fold. Activated DFF40 Triggers Chromatin Condensation. Chromatin condensation is one of the morphological hallmarks of apoptosis (1-4) . The molecular mechanism for apoptosisassociated chromatin condensation, however, is unknown. Unexpectedly, when latent DFF plus caspase-3, or A-DFF40, was incubated with isolated nuclei, chromatin DNA became condensed into several small bright granules, a typical nuclear morphology observed when cells are undergoing apoptosis ( ref. 2; Fig. 4) . The control nuclei, on the other hand, demonstrated uniform DNA staining throughout the nuclear interior (Fig. 4) . Addition of caspase-3 or latent DFF alone had no effect on the DNA staining patterns of these nuclei. A general caspase inhibitor, the modified tripeptide z-VAD-fmk, had no effect on DNA condensation when A-DFF40 was used, indicating that DFF is different from AIF, a z-VAD-sensitive mitochondrial protein that triggers apoptosis in nuclei (23) .
DISCUSSION
We demonstrated above that DFF is cleaved and activated by caspase-3 at two sites that were mapped previously (15) . After cleavage, the cleaved fragments of the DFF45 subunit are no longer associated with the DFF40 subunit (A-DFF40), which is the active component of DFF. A-DFF40 is sufficient to induce chromatin DNA fragmentation and condensation when incubated with nuclei without further requirement for caspase activity. Such an activation pathway is consistent with the model proposed by Enari et al. (17) that CAD (mouse homologue of DFF40) is the active component that induces DNA fragmentation.
High levels of DFF40 and DFF45 are detected in normal nuclei by immunofluorescence staining (Fig. 1C) . The observation that DFF40 and DFF45 are present in nuclei of nonapoptotic cells suggests that the cytosolic retention model for activation of DFF is not correct. The exclusive presence of DFF in the cytosolic fraction after biochemical fraction is the result of leakage from nuclei during homogenization. Indeed, biochemical fractionation of these transfected cells revealed that DFF40 and DFF45 exist almost exclusively in the cytosolic fraction (data not shown). Such nuclear leakage during homogenization has also been previously observed for other nuclear proteins (24) . DFF45 is therefore like other nuclear substrates of caspase-3 such as poly(ADP-ribose) polymerase and lamins that are cleaved as the result of nuclear translocation of active caspases (25, 26) .
Without coexpression of DFF45, DFF40 produced in either mammalian cells or insect cells does not have DFF activity (Fig. 2; X.L and X.W., unpublished observation). DFF45 therefore seems to mediate the correct folding of DFF40 but is not the component of the activated DFF. Such a function by definition is that of a molecular chaperone (27) . However, unlike the general molecular chaperones such as Hsp70 and Hsp60 systems (27, 28) , DFF45 remains complexed with DFF40, keeping it from being active until a specific signal is received, in this case, the activation of caspase-3. Such a specific molecular chaperone provides a double safety control to prevent unwanted activation of DFF. First, such an arrangement prevents newly synthesized DFF40 from cleaving DNA. Because DFF40 is translocated to nuclei (Fig. 3C) , imbalanced expression of DFF45 and DFF40 could otherwise have a catastrophic effect on the cells by introducing chromatin condensation and degradation of DNA. Only the DFF40 that is complexed with DFF45 has the potential to generate active DFF. Second, by forming a complex with DFF40, DFF45 also prevents DFF40 from activating its DNase activity. In this way, only the DFF heterodimer that is cleaved by caspase-3 will become active. In this sense, DFF45 is also an inhibitor for DFF40, as proposed for ICAD (17, 18) . However, unlike the result with ICAD, we found that overexpression of wild-type DFF45 in stably transfected CHO cells did not inhibit their DFF activity (X.L. and X.W., unpublished observation).
A-DFF40 has an intrinsic DNase activity when incubated with plasmid DNA (Fig. 3B) , which confirms the proposal of Enari et al. (17) that the mouse homologue of DFF40 (CAD) is the caspase-activated DNase. However, the reason we previously failed to see this activity when we used purified DFF from HeLa cells is that DFF is a poor DNase when directly incubated with naked DNA, so that a much higher concentration of DFF was needed to cleave naked DNA than chromatin DNA in nuclei (ref. 15 ; Fig. 3 ). This observation suggested that additional nuclear proteins contribute to DNA fragmentation. Indeed, we found that abundant chromatinassociated proteins, such as HMG-1, HMG-2, and histone H1, can markedly stimulate the intrinsic DNase activity of DFF40 ( Fig. 3 ; P.L. and X.W., unpublished observation). This observation suggests that rather than passively cleaving chromatin DNA at the linker region because it is more accessible to the nuclease, DFF-dependent DNase is targeted directly to the nucleosomal linker region of chromatin, where the HMG proteins and histone H1 are known to be located (29) (30) (31) . In addition, because histone H1 and HMGs are also believed to be involved in organizing higher-order chromatin structure (29) , these proteins may also facilitate A-DFF40 DNase to disassemble these higher-order chromatin structures. Such a model would provide a more efficient way to disassemble complex chromatin DNA into nucleosomes compared with disassembly by random cleavage of DNA. The molecular mechanism by which these chromatin-associated proteins stimulate A-DFF40 DNase activity should be an interesting topic for future study.
Surprisingly, when A-DFF40 was added to nuclei, their chromatin also become condensed, another hallmark feature of apoptosis (4) . This result puts DFF in a central position responsible for the observed nuclear changes during apoptosis. It is possible that DFF triggers chromatin condensation by cleaving chromatin DNA. However, it has been reported that treatment of isolated nuclei with micrococcal nuclease induces nucleosomal DNA fragmentation but nevertheless has no FIG. 4 . A-DFF40 induces chromatin condensation in nuclei. An aliquot (7 l) of hamster liver nuclei was incubated at 37°C for 2 hr with buffer alone, with 50 ng of caspase-3, with 500 ng of DFF, with 50 ng of caspase-3 plus 500 ng of DFF, with 300 ng of A-DFF40 purified through the Mono S column as described in the legend of Fig. 2 , or with 300 ng of A-DFF40 plus 20 M z-VAD-fmk as indicated. The nuclei were then stained with 4Ј,6-diamidino-2-phenylindole (DAPI) and observed under a fluorescence microscope with a DAPI filter.
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Proc. Natl. Acad. Sci. USA 95 (1998) effect on chromatin condensation (32) . It is interesting to note that cleavage of DNA at the nucleosomal linker region by micrococcal nuclease is blocked, not facilitated, by the presence of histone H1 (33) . It is also possible that A-DFF40 activates an independent pathway leading to chromatin condensation. All these become testable hypotheses now with the availability of pure recombinant DFF.
